This paper presents a method, implemented as a freely available computer programme, which is used to estimate the economics of renewable microgeneration of electricity from wind and solar energy sources. A variety of commercial small wind turbines and photovoltaic (PV) panels are considered and combined with raw energy data gathered from a variety of locations. Both residential and holiday home user profiles are available and options are selectable concerning feed-in tariffs (if available), government incentive schemes and the cost of capital borrowing. The configuration of the generation setup, which can consist of wind, PV and combination of wind/PV, is fully selectable by the user, with a range of appropriate default data provided. A numerical example, based on Irish data, is presented, which suggests that payback periods for solar and wind microgeneration systems can vary greatly (2.5-500 years), depending on the location, installation and economic variables.
Introduction
Recent years have seen significant growth in the deployment of electricity generation schemes based on renewable resources. In addition, direct generation from wind turbines and photovoltaic (PV) panels has provided an option at the domestic, or microgeneration, level. However, it still remains unclear as to the relative economics of microgeneration, for specific locations.
For communities with no grid connection, particularly in the developing world [1, 2] it may be the only means of achieving electric lighting. However, in a grid-connected developed world, complete with the moral pressure of reducing greenhouse gas emissions, the economics are not as clear-cut. There is a complex interplay of technical, economic and climatic factors, which must be evaluated on a case-by-case basis and with the rapid rate of current technical developments, as well as significant changes in government policies, the situation is a dynamically changing one. Zamora et al. [3] examine the range of technologies currently available for microgeneration.
A number of studies have examined the economics of microgeneration in various locations, such as those by Upson [4] and Dalton et al. [5] . In addition, social and regulatory issues have been explored in [6, 7] . The economy of microgeneration, in the context of overall supply of electricity to a grid system, has also been considered in [8] , taking in to account the effectiveness of a range of incentives. Ultimately, however, each household must make a decision in their own individual context embracing the local climatic/weather conditions, financial incentives available for renewables in their local jurisdiction and turbine/PV installations available to them. In addition, they must factor in what overhead they might wish to incur for renewable generation.
While it is difficult to cost the 'green' overhead, it is eminently possible to make a reasonably accurate calculation of the costs associated with the installation of wind turbines or PV cells, offset by any renewable incentives, for the climatic conditions prevalent in a given location. This paper presents a computer application which purports to do just that and can be easily used by a nontechnical user, while providing a number of default parameters and datasets in the case of unknowns. Clearly, however, the accuracy of the power production and cost calculations from the application will depend on the accuracy of the input data, for a particular location.
The computer application described in this paper allows the specification of a range of wind turbines and PV cells and any combination of these can be entered. Details local to the dwelling must also be entered, such as electricity consumption profile, roof orientation, landscape category and economic factors, such as the capital cost of devices, availability of grants or feed-in tariffs and loan annual percentage rate (APR). Battery storage can also be factored in, if available.
While the most of the technical relationships underpinning the application are available in the published literature, the main contribution of the paper is to assemble this knowledge and present it in a convenient and useable form. This is important where choices in relation to renewable microgeneration must be made in the face of a dynamic environment where alternative fuel costs, price of electricity and renewable energy conversion technology are rapidly changing.
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The remainder of the paper is laid out as follows. Section 2 deals with specification of the load consumption profile, while Sections 3 and 4 articulate the technical issues to do with smallscale wind turbines and PV cells, respectively. Section 5 concerns the economic considerations associated with a renewable microgeneration system, and Section 6 discusses the computer implementation of the calculations, including the user interface. An application example, utilising Irish location data, is presented in Section 7 and conclusions are drawn in Section 8.
Domestic electricity consumption profiles
A data record representing a nominal consumption profile for the dwelling of interest needs to be provided. Given seasonal variations in electricity consumption (and seasonal variations in renewable energy resources), it is necessary to specify the domestic load over a complete year, in order that a result is received which has some independence from seasonal factors. In order to correlate load and supply with a reasonable degree of accuracy at the daily level, loads (and supply from microgeneration) are specified as hourly values, in kW h.
Exact specification of such a load curve would require recording of local domestic load to take place over a complete year before an analysis could be performed, but an alternative is to use a mean domestic load profile, determined from the domestic supply curve of a utility. The mean load curve is simply evaluated as the total domestic hourly load points (in kW h) divided by the number of households. Example load curves (for an Irish household) are shown in Fig. 1 and form the basis of the default data.
Since electrical energy consumption is, on average, significantly higher in winter than summer (due to additional lighting and heating requirements), this needs to be represented in the annualised load curve. For the default data, the complete load curve is obtained by taking 4 representative days equally spaced across the year and interpolating (using cubic splines) between them to give a load value for each hour of the year. Such an averaging procedure gives no recognition to the special events of holiday periods (summer, Christmas), weekend days or bank holidays but, in the absence of a specific dwelling load curve, gives reasonable default data to allow variations in other parameters to be examined.
In order to provide a default profile for a holiday home scenario, a typical occupancy pattern (for the Northern Hemisphere) is identified in Table 1 . It is assumed that load is identical to residential dwelling for occupied dates and zero otherwise.
Microgeneration from wind

Resource quantification and representation
The energy resource data required for the wind turbine part of the application is provided as average hourly wind speed measurements, in m/s, over a complete year. Since wind speed varies significantly with height of measurement, we can use the formula in Eq. (1) to calculate wind velocity, v at any height, h, given a measurement v 0 at height h 0 [9] , as
where a is a roughness coefficient and can be determined from the broad specifications in Table 2 . In addition, compensation needs to be applied to allow for a wind speed reduction due to turbulence ARTICLE IN PRESS [10] , caused by ground obstructions, via Eq. (2) and Table 3 :
Wind resource data from three locations in Ireland (Dublin Airport, Kilkenny and Belmullet) is currently selectable as default data in the application programme.
Wind turbine specification
At the time of writing, a significant variety of small wind turbines were available and the variety is likely to increase significantly in the future. Turbines are characterised by their power curves, which define the power output, in Watts, for a given wind speed, in m/s, and takes into account all effects including blade aerodynamics and auto-furling/stall effects, electrical generator, any gearing and the power electronics associated with the turbine itself. Fig. 2 shows a typical set of power curves for three popular turbines, by way of example. The power curves are parameterised by the cut-in speed (typically approx. 5 m/s for the turbines in Fig. 2 ), the rated power, which is the power value corresponding to the 'flat' part of the curve, e.g. approx. 2750 W for the Proven device in Fig. 2 , and the cut-out speed, at which the turbine is shut down to keep loads from reaching damaging levels.
The rotational speed of small turbines is typically regulated by blades which stall or auto-furl in higher wind conditions, while larger devices have variable pitch control, which regulates turbine rotational speed. One difficulty, for small turbines, is obtaining power curve descriptions which extend upwards of 15-20 m/s wind velocity. To this end, we have made the following assumptions:
A1. For auto-furl systems, the power curves tail off in a manner similar to the B&Q 1.2 kW device, beyond their rated furling speeds, and A2. For variable pitch devices, rated power is produced for all wind speeds in excess of the initial wind speed at which rated power is produced.
Data for the following wind turbines is included in the application: Stealthgen 400 W, Proven 600 W, B&Q 1.2 kW, Swift 1.5 kW and Proven 2.5 kW, covering a range of suppliers and rated power specifications.
The losses incurred in grid connection are user specified, with a nominal value of 10%. Finally, the number of turbines which can be accommodated on a particular site can be estimated by allowing a spacing of 10 rotor diameters in the turbine axial direction and 3 rotor diameters in the cross-axial direction, where both dimensions are available as inputs to the application.
Microgeneration from PV
Resource quantification and representation
Hourly solar radiation data is used as the raw solar energy input to the application. Global irradiance, measured in W/m 2 , represents a combination of direct and diffuse radiation incident at a point and is used in the current calculations. Default data for the application provides global irradiance data for the same three locations as reported in Section 3.1.
Solar cell specification
Solar cells normally produce a nominal output voltage of 12 V, with the output current depending on the incident solar radiation, are included in the application, while user-defined power curves can also be included.
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Site-specific conditions
While an important site factor in available power relates to the intensity of the solar radiation and the degree to which this is achieved over time (relating to cloud cover), two further sitespecific factors also determine the actual electrical energy output. These are the orientation of the PV surface relative to the sun and the temperature variations at the site.
With respect to orientation, the output current is determined [11] by
where I 0 is the reference current achieved with the sun rays normal to the PV surface, y is the angle of incidence between the solar beam and the PV surface and I is the cell output current. y is calculated using [12] 
where f is the collector latitude, b is the collector slope (relative to horizontal), g is the collector azimuth (relative to due south in counter-clockwise direction), o is the solar hour angle and d is the solar declination.
The solar hour angle is the angle through which the earth has rotated since solar noon (highest position of sun) and the solar declination is the angle between the Sun's direction and the equatorial plane, calculated using
where n is the day of the year (with n ¼ 1 on the first of January) and d 0 ¼ 23.45. Note that Eq. (4) must be applied with care, for example in the case where y is greater than 901 and cos y is therefore negative. In such cases, the PV power output is zero.
In addition, beyond y ¼ 501, the power output of PV modules begins to deviate from that predicted by Eq. (3). To account for this, the Kelly cosine table [11] can be used to estimate the effective cosine of the angle between the solar beam and the PV module. Finally, the dependence of the power output on the module temperature is considered [11] as
where p is the power output of the module at T module , p 0 is the power output of the module at 25 1C and DT is the absolute difference between T module and 25 1C (the standard testing temperature for PV modules). T module can be calculated [13] as
where T module and T ambient are measured in degrees Celsius, I s is the solar irradiance in W/m 2 and v w is the wind velocity in m/s.
Economic considerations
In order to perform a comparative cost/benefit analysis, it is assumed that the capital cost of the renewable energy system (including asset cost and cost of installation) will be funded from a loan, amortised over the lifetime of the asset, using the standard formula given by
where M is the monthly repayment on the loan, i is the APR/12 (APR ¼ annual percentage rate), P is the principle, i.e. the total cost of the microgeneration installation and n is the number of months.
A possible feed-in tariff is included in the application, since a number of jurisdictions (excluding Ireland) facilitate feed-in for small installations. In addition, the application provides the possibility for storage of excess energy using batteries, for example using a 24 V 230 Ah low-maintenance battery, quoted in Proven Energy's price list at 489 Euro. Such a battery can store 5.52 kW h of energy, corresponding to a capital cost of 88.86 Euro/ kW h of storage. The effectiveness of battery storage for microgeneration applications is considered further in [14] .
The computer program
The application was developed in Matlab s (Version 7) and features a graphical user interface (GUI) for data entry and presentation. Fig. 4 , by way of example, shows a flowchart for the PV section of the application. Full flowchart and algorithm details can be found in [15] . The application provides for the set of user inputs and produces possible outputs, as shown in Table 4 . The graphical user interface is shown in Fig. 5 .
Irish application example
For illustration, some sample results, using Irish weather data, are shown in this section. Complete weather data was available for three locations: Belmullet (West Coast), Dublin Airport (East Coast) and Kilkenny (South East), with average wind speeds of 11.97, 10.95 and 7.15 m/s at a 10 m height, respectively. There is little significant difference in solar insolation or cloud cover between the three locations. Data for the wind turbines and PV panels is given in added on. The smaller wind turbines are assumed to be installed on the dwelling, where as the larger turbines, such as the Proven 2.5 kW, are assumed to be installed on a tower with the prices quoted reflecting this. A capital loan with 10% APR is assumed, unless otherwise stated.
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For an average residential dwelling in Belmullet, Table 6 shows the payback period in years for a variety of wind turbines, under a variety of site conditions. A turbine height of 5 m is assumed, along with 1 kW of available battery storage. The un-bolded figures correspond to a case where no capital grant or feed-in tariff is available, while the figures in bold assume a 50% capital grant and a feed-in tariff of h0.13, equal to the retail price of electricity. A load curve as detailed in Section 2 was utilised.
Clearly, some wind generation cases show a reasonable paypack period, particularly when financial incentives are available. For PV generation, the situation is not so promising, as documented in Table 7 , which shows the payback period for a single PV panel. Again, the bold figures show the payback for the case of a 50% capital grant and a feed-in tariff of h0. 13 .
From the lengthy payback periods indicated in Table 7 , Ireland has not got sufficient solar intensity (and probably too great an average cloud cover) to make PV generation economic, even with significant financial incentive. In general, it is also found that the situation is considerably worse for holiday home occupancy, since the capital repayment dominates. The application also allows the sensitivity to various individual parameters to be determined, as demonstrated in Figs. 6-9 , for which a combined installation of 1 Â Proven 2.5 kW wind turbine, and 2 Â Kyocera 125 W PV panels was employed. Fig. 6 shows the relative effects of various financial incentives for microgeneration, assuming a loan period of 10 years, %APR of 10% and a cost per kW h of 0.13 cent. While the payback period can be significantly affected by variations in the feed-in tariff, the sensitivity of payback period to capital grant level is small. Fig. 7 shows the sensitivity of payback period to loan parameters, with the assumption of a feed-in tariff of 0.13 Euro/kW h and a grant level of 50%. There is significant sensitivity to both %APR and loan duration, which will impact both the ability of the borrower to make repayments, while also showing the effect of the variation in interest rate in different jurisdictions. Fig. 8 shows the sensitivity of payback period to the price of electricity (supply), assuming a loan period of 10 years, %APR of 10%, a feed-in tariff of 0.13 Euro/kW h and a grant level of 50%. Clearly, one might imagine that the cost of electricity may rise significantly in the relatively near future, which will significantly change the economics of microgeneration, as Fig. 8 shows.
One might also anticipate that improvements in materials will result in increases in PV cell efficiency. To examine the impact of improvements in PV cell efficiency, efficiency values of 10-50% were used, over-riding the default power curve for the Kyocera 125 W PV modules. However, Fig. 9 suggests that, for the geographical area under consideration (Belmullet, Ireland), the economy of the installation has little sensitivity to PV cell efficiency. This is, in part at least, likely to be due to the fact that the combined solar/wind installation is not heavily reliant on electricity production from the PV cells. The parameters for this case were a loan period of 10 years, %APR of 10%, a feed-in tariff of 0.13 Euro/kW h, a grant level of 50% and a cost per unit of 0.13 Euro/kW h.
Some general comments on these results are appropriate. In general, they represent a small (example) set of possible results, which can be generated from the application and are not designed to provide a definitive picture on the economics of microgeneration in Ireland. One of the difficulties is the rapid rate of change in renewable technology and associated government incentives for their installation, mainly driven by downward pressure on carbon emissions. For example, no feed-in tariff for microgeneration is currently available in Ireland, where microgeneration is defined to be a generator with a max power output of 5.75 kW. However, a feed-in tariff of h0.07 kW h was being mooted at the time of writing. This is one of the motivations behind the development of this application: That it provides a easy-to-use method of examining various microgeneration scenarios in a dynamic way.
Error analysis
This section attempts to quantify any assumptions made in the calculations, which could be possible error sources and to examine the integrity of the output from the computer programme. In relation to error sources in the calculations we can list the following as potential sources:
Specification of wind turbine output
The analytical calculations of Eqs. (1) and (2) involve some approximation in the parameterisation of the relationships describing variation in effective wind velocity with height and surface roughness, but are likely to involve less than 10% error.
Some assumptions, detailed in Section 3.2, have been made concerning the complete specification of the wind turbine power curves. While there is likely to be little Wind speed data bias in the assumption regarding auto-furling turbines (Assumption A1), the assumption of rated power to cut-out (Assumption A2) may involve a slight overestimation of power output, for pitch-controlled turbines.
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PV calculations
The calculations of Eqs. (3)- (5) are exact. However, Eqs. (6) and (7) involve some degree of parameterisation error, which is estimated at less than 10%.
Economic calculations
The mortgage calculations are exact provided the loan interest is amortised on a monthly basis. Other situations can easily be programmed in the application.
User-defined input data
The user is, of course, responsible for the accuracy and integrity of the data input to the application; however, some comment is pertinent regarding the provision of default data. Weather data is supplied and used on an hourly basis, involving a degree of granularity. However, hourly data presents a reasonable compromise between data granularity and ease of handling and is the typical level of discretization used for historical metrological data. Some comment is also pertinent in relation to the sample load data. This data is provided as averaged household data and therefore is likely to be smoother than a single household consumption. Individual domestic loads, containing significant peaks (up to 40 kW) and valleys (with only nominal refrigeration loads) may present significantly more challenge for renewable generation sources, particularly in the absence of electricity storage. Therefore, application users are strongly encouraged, where possible, to enter their own data. The assumptions concerning the default holiday home data are relatively coarse, but users can specify exactly the typical consumption profile for their own situation.
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Finally, the application has been exhaustively checked for integrity of output (within the limits of documented approximation) and produces figures broadly in line with other studies.
Conclusions
A computer application has been presented, which has the capability of examining variations in energy production and Pay-back period (years) Fig. 9 . Sensitivity of payback period to PV cell efficiency.
economics due to variations in climatic conditions, financial incentives, storage capacity and device type associated with a specific micro-renewable installation. This allows a relatively exact analysis to be performed for a specific location, under current technical and cost conditions. In addition, since the microrenewable market is a dynamic one, scenario testing for various projected possibilities is also easily carried out. Though this paper does not purport to give a definitive answer regarding the economics of renewable microgeneration in Ireland, some broad conclusions regarding the application example can be made. In terms of raw renewable resources, Ireland is better positioned to take advantage of wind rather than solar insolation. However, relatively higher cost (and relatively lower efficiency) of PV cells, compared to wind turbines is a mitigating factor, for the Irish scenario. There appears to be relatively small sensitivity of micro-renewable economics to location in Ireland, which is probably unsurprising, given Ireland's relatively small size and consistent climatic conditions across the country. The economics for a holiday residence appear to be significantly more discouraging than for a permanent dwelling and it can be said that, in general, the broad findings of the application example, in terms of payback periods, are not inconsistent with other reports, e.g. [4] . Sensitivity to both capital grants and feed-in tariff rates is reasonably significant and calculations, such as those available through this application, are useful in the determination of incentives which encourage maximum penetration at minimum cost.
In terms of future evolution in microgeneration technology, likely possibilities include the availability of new types of wind turbines and PV cells, for example organic PV cells [16] and current trends in PV cell manufacturing costs and materials promise electricity generation costs comparable to some fossil fuels [17] . The application can easily incorporate such new data using the present code, by including new device specification files. Other evolutions, such as new storage possibilities, including flow batteries [18] and capacitors [19] , and intelligent management of combined solar/PV microgeneration systems [20] would require minor adjustments to the main application code.
We would invite readers would experiment with our application, to determine some measures which may assist them if considering a microgeneration project. The application, developed using Matlab Version 7, Release 14, along with a small user guide, is free to download from: http://www.eeng.nuim.ie/$jringwood/ teaching.htm.
